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ABSTRACT
The polarization stability of single-mode fibre resonators has been
recognized as a potential problem in their operation. One method to
overcome the polarization drift is to use a polarization-maintaining optical
fibre, in the resonator system. Even this kind of resonators, still suffer
from environmentally-induced polarization instabilities. Depending on the
type of resonator, these instabilities are manifest as a split resonant dip,
reduced finesse, reduced fringe modulation, fringe asymmetry, and unequal
spacing between successive fringes. If we assume that a non zero amount of
polarization crosstalk at the coupler is inevitable, then there is only one
ideal type of resonator which is free from instabilities: a resonator made
from polarizing fibre (or one that incorporates a perfectly aligned polarizer
in the loop). The fringe shape variation can be reduced if the resonator is
made with a deliberate 90 deg. axis twist at the splice or coupler, or if it is
made with a polarization-selective coupler. No practical technique has been
demonstrated so far, for producing consistently stable resonators with high
finesse, using birefringent fibre. This is because the tolerable amount of
coupler polarization crosstalk is very small, and the above ideal form is not
easily made. It is therefore important to compare the output stability of the
different resonator types as well as to investigate possible techniques for
passive or active stabilization of the output. In this thesis work we have
developed a experimentally verifiable resonator model that can be applied
to different resonator types with minor modifications. We have derived
tolerances for the coupler polarization crosstalk, splice alignment, and input
polarization mode purity necessary for optimum operation of each type. A
fringe shape stabilization system has been constructed, for use with fibre
ring resonators with power exchange between the birefringent axes. The
system works by keeping the depth of successive resonant dips equal,
through a feedback electronic servo system, that controls the fibre
birefringence. Two schemes for controlling the fibre birefringence are
investigated.
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1 INTRODUCTION
In recent years there has been considerable interest in the applications of
fibre-optic sensing technology.1-2 This is partly because impressive
progress has been made in the fabrication of various types of fibres and to
partly because some significant fibre-optic components have been
developed for practical use.
The use of optical techniques in measurements offers many advantages
over other transduction technologies. These include immunity to electro
magnetic interference, high sensitivity, lack of mechanical moving parts,
and often compact format. Optical transducers may be based on numerous
principles involving the modulation by an external influence of the phase,
frequency, intensity or polarization of a light wave. Phase modulation
detected interferometrically is one extremely sensitive means of
measurement.
Optical fibre interferometers have been used to measure acoustic fields,
magnetic fields, accelerations, temperature, current etc. with sensitivities
comparable to or exceeding that attainable using any other technology. A
Mach-Zehnder or Michelson interferometric configuration has frequently
been utilized for these measurements. In contrast to such a two-beam
interferometer, there is a more sensitive interferometer, known as Fabry-
Perot. The fibre-optic Fabry-Perot interferometer has also been found to
be much more sensitive to optical phase change than the fibre-optic Mach-
Zehnder interferometer.3 The high sensitivity originates from the multiple-
beam interference due to the Fabry-Perot interferometric setup.
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Similar to such a fibre-optic Fabry-Perot interferometer, the all-fibre
resonant-ring interferometer4 that makes multiple-beam interference
between circulating optical waves has recently become of great interest as
highly sensitive device. Its application ranges from Fibre-optic gyroscopes
(Sagnac rotation sensors), spectrometers, filters, hydrophones, to compon
ents of fibre-lasers. The basic ring resonator configuration is shown in
figure 1.1.
"7
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Figure 1.1
RESONATOR TYPE 1 RESONATOR TYPE 2
Two types of resonator, type 1 splice less and type 2 with splice
Considering the type 1, where the coupling ratio is approximately equal to
one minus round trip loss (typically large), light introduced into input port
1, will couple mostly to the output port 4. The light trapped in FORR will
couple from port 2 to port 3 and will continue to circulate. The circulating
light is partially transmitted into output port 4 every time it passes the
coupler. Therefore, the output light at port 4 can be expressed as a sum of
the partially transmitted beams in the directional coupler. If the frequency
or phase of the light propagating in the FORR is varied continuously, the
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intensity of the light emerging from port 4 will show series of sharp
minima whenever the input optical frequency matches the resonant
condition, figure 1.2a. This behavior is similar to that exhibited by a Fabry-
Perot Interferometer (FPI) whose reflected output has sharp minima at
point of resonance. For the type 2, the coupling ratio is approximately
equal to the round trip loss, so it is typically small, but the operating
principle remains the same. The advantages of the FORR, as compared with
the conventional FPI, are high finesse, high frequency resolution, small size
and no need to perform adjustments.
The polarization stability of these single-mode fibre resonators has been
recognized as a potential problem in their operation. One method to
overcome the polarization drift is to use a polarization-maintaining optical
fibre, in the resonator system. In this case a linear input polarization state
can be aligned with one of the two polarization axes of the fibre, and a
stable single polarization resonance can be achieved. But even in this case
any residual polarization crosscoupling between the birefringent axes leads
to a second resonance dip5 (mode splitting) in the response of the
resonator, figure 1.2b.
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Figure 1.2 Effect of temperature on the resonator output
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This mode splitting is caused by small amounts of polarization crosstalk at
the coupler that are inevitably introduced during the coupler fabrication.
Even an ambient temperature change of 1C causes a drastic change in the
output of the resonator, for relatively small changes in fibre birefringence.
This modal splitting problem makes the ring resonator not a useful device
for practical applications. The effect of mode splitting may be alleviated by
using some form of polarizer inside the loop, but this would increase the
complexity of the device. Also, any residual attenuation along the
transmission axes of the polarizer will lower the finesse.
A new method for stabilizing the output was proposed in 1989.6-7 This
approach consists of deliberately causing complete power exchange
between the two birefringent axes inside the resonator loop. This power
exchange can be introduced in the system with a 90 axis twist at the
splice or at the coupler. This exchange eliminates mode-splitting. Another
way of eliminating the mode-splitting is through the use of polarization-
sensitive coupler.8 The polarization-sensitive coupler is nothing but a fibre
polarizing beam splitter. A detailed analysis of different resonator types
and their characteristics will be given in the later sections of this thesis.
In order to understand the resonator system, it is important to understand,
different kinds of birefringent fibres, and the fibre optic components that
goes into the system. The following sections gives an overview about
different kinds of fibres such as polarization-maintaining, polarizing fibres,
fibre-optic components such as couplers, splices and their terminologies.
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1.1 COMPONENTS FOR FIBRE-OPTIC RING RESONATOR SYSTEM
1.1.1 Polarization-Maintaining and polarizing fibres
The key to the construction of interferometric sensors are high-
performance single-mode polarization maintaining fibres and components.
Although conventional single mode fibres are termed as single mode, they
actually carry two orthogonal polarization modes. Only by carefully
decoupling these polarization modes one can achieve a truly single mode,
single-polarization transmission, free from intermodal interferences.
In a purely circular waveguide with no external effects such as
temperature or pressure acting on the fibre, these polarization modes are
degenerate i.e: in phase with identical propagation constants.
Unfortunately, in real fibres slight waveguide imperfections are inevitable.
These imperfections may break the circular symmetry of the fibre
waveguide structure, this degeneracy which creates a birefringence effect,
as the propagation constants between the modes are altered. Polarized
light launched in one end of the waveguide becomes scrambled and
oscillates between polarization states, as light is cross-coupled between the
modes. In addition to internal waveguide imperfections, random
environmental perturbations such as temperature, act on the fibre to
contribute significant depolarizing birefringence effects. To over come
these problems polarization maintaining fibres have been
developed.9
In these type of fibers the polarized light launched in one of the fibre
polarization axes is preferentially carried through the waveguide with
little crosstalk or modal exchange of power, and exits the fibre in the
-6-
original polarization state. Polarization can be maintained if the
propagation constants of the two orthogonal modes are sufficiently
different. This is achieved by introducing an azimuthal asymmetry in the
fibre structure, suppressing the transfer of power from one mode to the
other. Such asymmetry can be in the shape of the structure, creating a
geometrical birefringence, or in the internal physical stresses of the
structure, a stress-induced birefringence.9
Geometrical birefringence can be introduced in several ways, the most
common of which is through the use of an elliptically-shaped core region of
significantly higher index than the surrounding
cladding,10"12 figure 1.3.
Dielectric waveguide theory, initially investigated for microwave
applications, provides the basis for the design of such fibres. Their
manufacture is a repeatable operation that involves a proprietary vapor-
phase deposition process and a carefully controlled collapse of the preform
that causes the desired ellipticity.
Other proposals for making geometrically-birefringent fibres, such as
crystal cores, side
pits13 and side
tunnels,14 have not realized their
theoretical promise. Complex structures and difficult manufacturing
process force tradeoffs between attenuation and polarization holding that
make these fibres unsuitable for applications of more than a few metres.
Stress-induced birefringence is imparted by stress applying parts (SAP)
that cause an anisotropic refractive index difference in a circular core fiber
that limits the coupling of the two polarization modes. Stress differences
are achieved by highly doping the SAPs, giving them different coefficient
of expansion. This causes a residual stress during the cooling phase of the
drawing process. The most popular variations of this type include:
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elliptically-shaped stress cladding around a circular core,15"17 bow-tie
shaped SAPs18-19 and circular SAPs (PANDA)20-21 (Figurel.3)
ELLIPTICAL
CORE
ELLIPTICAL STRESSED
CLADDING
SAP
BOW TIE CIRCULAR SAP
Figure 1.3 Different Polarization-Maintaining fibre core structures
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All these fibres can be manufactured in ways similar to geometrically-
birefringent fibres with some notable differences. Elliptically-clad fibres
are made with a conventional MCVD process in which a layer with
different thermal expansion characteristics is deposited prior to the core
and/or cladding.22 These require a more complex collapse procedure to
achieve the necessary multilayer structural shape. Bow-tie fibres depend
upon an intermediate step of preferentially etching the layer of different
thermal expansion before the core/cladding deposition.23 Circular SAP
fibres require the boring of holes in the preform, into which rods having
suitable thermal expansion are inserted.24
Stress-induced birefringent fibres also require manufacturing tradeoffs
between polarization holding and attenuation. The highly doped SAPs
maintain polarization more effectively when they are positioned closer to
the core, but this can significantly increase fibre losses. In addition micro
and macro bending effects are capable of destroying the polarization-
holding properties. The most serious problem with these fibres, however is
fundamental to their very nature. Stresses induced by differences in
thermal expansion make polarization holding very sensitive to
temperature variations and severely restrict the fibres use in practical
sensor applications. In addition, accessing the guiding region of the fibre is
a complex operation which changes the internal stress and limits the
ability to manufacture the couplers, polarizers and other fibre
components.25'26 In elliptical-core, geometrically birefringent fibres the
performance tradeoffs are minimized. Fibre has been produced with low-
loss (less than 2dB/km) and high-polarization-maintaining ability.27'28
Polarizing fibres (pz) which is a more recent
development,29-30 combines
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the technique of stress induced birefringence with additional fiber design
changes, to induce a fundamental mode cutoff. As a result of stress induced
birefringence, the two polarization modes cutoff at different wavelengths,
operation of the fiber these mode cutoff's results in a selective attenuation
of one mode, the result being linearly polarized light. The extinction ratio
of the polarized light emerging from a polarizing fibre exceed that for light
light emerging from an equal length of similar polarization preserving
fibre.30
1.1.2 Characterization of Polarization-Maintaining fibre
The charecterisitics of the PM fibres are mainly described
by3 1 i. modal
birefringence B or beat length LB ii. Mode coupling parameter or crosstalk
and iii. modal field distribution
i. Modal birefringence B :
This parameter is the difference of the effective refractive index between
the orthogonal linear-polarization modes and is connected with the beat
length LB through,
(Px-Py)^_ X_B"
2% Lb (1.1)
The modal birefringence B can be assessed by the measurement of the
fibre beat length LB as described in ref. 32. The distance LB,
over which the
polarization rotates through an entire
360 is known as the beat length.
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The highest modal birefringence of 8.5 x 10"5 has been achieved with a
PANDA type fibre33 and the lowest modal birefringence of 4.3 x 10"9 has
been achieved with spun fibre.34 Modal birefringence is a convenient way
for comparing Polarization-Maintaining fibres fabricated for different
wavelengths, because beatlength is directly dependent on wavelength.
IL Mode coupling parameter (h) and crosstalk (CT)
One of the important property of the PM fibre is its crosstalk (CT), which is
defined as the logarithmic ratio of the power Px (or P ) coupled along the
x (or y) axes with respect to the total transmitted power Px + P over a
propagation length L,
CT=101og
(
P +P
x yy
= 101og
', -2hL^1 -e
( 1-2 )
The crosstalk is generally measured by exciting the fibre along one of the
birefringence axes and by measuring the output power through an
analyzer oriented initially parallel to the launch axes and then orthogonal
to the launch axes.35 The mode coupling parameter (h) can be calculated
from eq.(1.2). The 'h' parameter is strongly dependent on the fibre
configuration and packaging and is worse when the fibre is wound in coils.
An important problem is what determines the limit of the polarization
maintenance or the crosstalk. No high birefringence fibre with the
crosstalk less than -45 dB has been reported even in short fibres. For the
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present day PM fibres the crosstalk is around -30 dB/km. The causes
giving limit of the crosstalk are 1) Rayleigh scattering36'37 2) residual
birefringence existing in lenses for a crosstalk measurement system38 or
the imperfection of the polarizer 3) cladding mode in short PM fibres20.
The problem due to cladding modes can be solved by coating the fibre with
a lossy material. Crosstalk introduced due to optical components can be
reduced or eliminated using stress free optical components in the system.
Rayleigh scattering becomes the ultimate limit of crosstalk, the theoretical
limit of the crosstalk in PM fibres is -48dB at 1-km length, with the fibre
having a loss of oc=ldB/km at 1.3 pm wavelength, and a refractive index
difference A=0.003.39
iii. Modal field distribution:
The mode field diameter becomes an important parameter, when
evaluating splice loss, bending loss, and source to fiber coupling. A mis
match in the mode field diameter, for example, represents a source of
intrinsic splice loss, when a splice exists in a fibre optic sensor. The
fundamental modes of PM fibres are elliptical to different degrees and can
be approximated by an elliptical Gaussian function.40
1.2 DIRECTIONAL COUPLERS
Monomode fibre couplers are key component in many sensor and
communication applications including optical power splitting, wavelength
multiplexing/demultiplexing. Efforts have been made to obtain the PM
fibre directional coupler with low loss, low crosstalk, high directivity, with
different kinds of fibres and with different fabricating techniques.
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Light propagating along a single-mode optical fibre is not strictly confined
to the core region but also extends to the surrounding cladding region
which is called the evanescent field. In order to achieve coupling between
two single mode fibres, the evanescent field associated with each fibre
should interact.4 1 Consider a typical directional coupler shown in figure
1.4, where pj and P2 are the propagation constants in waveguides 1 and 2
respectively. The coupling takes place in the region between 0 and L in
which the even and the odd normal modes can propagate with propagation
constants Pe and P0.
2 = 0
S-shaped waveguide
Viaveguide 1
Waveguide 2
Odd mode (f}0)
Figure 1.4 Operating principle of fibre coupler
The guidedmode incident from waveguide 1 excites the even and odd
modes in phase with the same amplitude at z=0. The phase shift between
the even and odd modes^ becomes % at the propagation distance L, i.e:
LAp= tc. Hence at the output end of the coupling region z=L, the resultant
electric field distribution of the guided mode is in waveguide 2. In
otherwords, all optical power is fed into waveguide 2. L is defined as the
coupling length, where 100% power is transferred if the two waveguides
are identical. The power transfer mechanism is thus well understood by
interference between the normal even and odd modes in the coupling
region.
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1.2.1 Polarization Maintaining fibre couplers
The way PM coupler departs from conventional single-mode couplers is
analogous to the difference between PM fiber and standard single-mode
fibre. As mentioned earlier eventhough conventional single mode fibres
and fibre-based devices are termed single-mode, they actually carry two
orthogonal polarization modes (eigen modes) that can conveniently be
viewed in their linearly polarized states. But in a PM fibre, a linearly
polarized light launched in one of the fibre-polarization axes is
preferentially carried though the waveguide with little crosstalk or modal
exchange of power, and excites the fibre in the original polarization state.42
Conventional single mode couplers are manufactured by a number of
methods including etched-wave guide, fused-biconic and polishing
techniques. For fibre-based PM couplers, the two common fabrication
methods are the grind-and-polish method and the fused-biconic taper
approach.43
In the grind-and-polish method, construction is achieved by removing
parts of the glass cladding to expose the fibre cores along the same
polarization axes. The exposed sections are then brought close together so
the evanescent fields of the two cores are intimate. With proper axial
alignment of the device, a high degree of polarization extinction can be
achieved. With careful control of the coupling region geometry, precise
control for this split ratio can be set, enabling commercial devices to be
specified to practically any desired ratio. Although quite useful in many
applications, grind & polish designs characteristically suffer from some
performance drawbacks. Most notably, they are not as reliable in
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applications that undergo temperature and vibration variations 44
In the fused-biconic taper type PM coupler, bare sections of fibre are
precisely aligned and placed in contact with each other, then heated and
fused together. The viscous fibre assembly is then carefully stretched to
form a biconic taper. The fused couplers are very rugged and do not
undergo radical geometrical changes with environmental effects. But there
is no way to tune the coupling ratio. The basic problem with the PM
couplers are the ability to align the principal axes of the two fibers parallel
to each other, lack of alignment generates crosstalk. The crosstalk affects
the resonant characteristics of Fiber Optic Ring Resonator.
1.2.2 Polarization selective fiber couplers
In the last section we dealt with PM couplers. These couplers transfer
both polarizations with approximately with same efficiency, in contrast to
a polarization selective coupler which would transfer one polarization to a
second fiber while the orthogonal polarization remains in the input fibre, it
is nothing but a polarizing beamsplitter 45, figure 1.5.
_
COUPLER SPLITTING
Figure 1.5 Polarization-selective fibre coupler
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The basic approach is to match propagation constant for one polarization
and maximize the mismatch for the orthogonal polarization. This type of
couplers can be fabricated by lateral polishing technique.45 It needs to
orientate one fibre with its stress structure parallel to the polished surface
and the other fibre with its stress structure orthogonal to the polished
surface. With such an orientation polarization selectivity as much as 40dB
can be achieved. Polishing technique provides a low loss and a broad
wavelength range of operation.46
An alternate technique for fabrication of the polarizing splitter utilizes the
polishing technique to couple the two fibres, and surface plasmon waves
(SPWs) to achieve polarization separation. A thin metal film incorporated
between the two polished surfaces in the interaction area supports SPWs
which are inherently TM polarized. SPWs are E-M modes guided by a
single metal/dielectric interface or by a composite structure involving
dielectric-metal-dielectric, figure 1.6.
METAL
Figure 1.6 Polarization-selective coupler with fibre-metal-fibre structure
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Therefore in this three waveguide structure only TM like polarized light
cross couples effectively while the TE like polarization is transmitted
unaffected.47
1.3 TERMINOLOGY FOR DIRECTIONAL COUPLERS
Directional couplers are characterized by its coupling ratio, excess loss,
crosstalk, extinction ratio, and directivity. Figure 1.7 gives the labeling
convention for the directional coupler.
Figure 1.7 Labeling convention for directional coupler
i. Excess loss (i)
It is the ratio of the sum of the optical power from the two output ends of
the coupler to the power injected into the coupler
y.
p +p
3 4
(1.3)
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ii. Coupling ratio (k)
It is the percentage of light that has passed to the coupled arm of a coupler
to the initial power injected into the coupler.
P.
k = -^
(1.4)
iii. Crosstalk (t)
Assuming linearly polarized light is injected along the x-axis and Px is
measured output signal measured along the x-axis and if P is the signal
measured along the y-axis then,
t =
P + P
x
-r I
y (1.5)
iv. Extinction ratio (ER)
It is the ratio of the power measured along both axes of the two fibres.
B=l=10log
'Pa^
'
X
a
(1.6)
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where a = fiber end 3 or 4.
v. Directivity (d)
This parameter gives the directionality of the power coupling, specifically
the amount of power that is reflected by the internal operation of the
coupler. The parameter is measured while port 3 and port 4 are index
matched.
1 (1.7)
1.4 POLARIZATION-MAINTAINING FIBRE SPLICES
Accurate alignment of the principal axes of the PM fibres is required when
splicing two fibre sections. The splice should have low loss and low-
crosstalk. For a good splice the fiber ends should be well polished (<2\) and
should be perpendicular to the fibre axes. The principal axes of the two
fibres shall be identified, aligned, and butted together. Fusion splicing is
the most common technique for low loss splicing.48 It is accomplished by
localized heating. Problems can arise because of the change in stress profile
while heating, a loss of 0.2dB has been reported.49 Adhesive bonding
technique has shown instabilities because of shrinkage during curing. For
our purpose we spliced the fibres after mounting them on piezo-
controlled mechanical stages. Index matching liquid was used between the
butted ends to reduce the loss.
The factors affecting the PM fibre coupling loss are due to intrinsic
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parameters like variation in the core diameters, differences in index
profiles, differences in their core ellipticity etc., and extrinsic parameters
like transverse/longitudinal offset, tilt, end quality, alignment of
birefringent axes etc.49 In our lab, we could able to align the fibre axes
within an accuracy less than 0.5.
1.5 SUMMARY
The field of fibre optic sensors began to show promise only a decade ago.
In this short time, substantial progress has been realized because of their
unparallel sensitivity, geometric versatility and integratability. The
remarkable progress has come about in part because of the availability of
new types of fibres, fibre optic components, semiconductor sources and
detectors. While the advantages of optical fibre sensors has been
recognized, problems that need further investigation remains.
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2 FIBRE RING RESONATOR MODEL
In this section a theoretical model is presented that can be used to
determine the output of fibre ring resonators made with birefringent fibre,
and with different types of polarization selective or polarization insensitive
couplers. The main advantage of this model is, it is experimentally
verifiable in a direct manner, and contains all the main parameters by
which a birefringent coupler is characterized.
2.1 INTRODUCTION
Ring resonators made with polarization-maintaining fibre can be
constructed in several different ways, and each way exhibits, its own
special characteristics. The following possibilities exist: i. the resonator may
be spliceless or may be formed with a splice, ii. it may be
constructed with
a polarization-sensitive or polarization insensitive coupler, and iii. it may
or maynot present deliberate power exchange between the
fibre
birefringent axes. The later form has been shown to suffer from
polarization-mode splitting which makes the resonator
unsuitable for most
applications.5 In the absence of reliably produced single-polarization fibre
couplers, and since the insertion of in-line
polarizers may increase the loss
considerably, alternate solutions
to this problem were proposed. These
included the use of a polarization-sensitive
coupler8 (a fibre polarizing
beam splitter), and deliberate power
exchange between the fibre
birefringent axes.6-7
For each of the last two cases, there are
two different configurations.
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Specifically, there are two ways of causing power exchange between the
birefringent axes: we can either cross the fibre axes by using a splice in the
loop with a 90 rotation between the two fibre ends, or by using a coupler
with the fibres oriented orthogonally in the two halves
7 (figure 2.1). Also,
as fibre polarizing beamsplitter can be constructed in two ways: with the
fibre axes crossed,50 as in figure 2.1, or with fibre axes parallel.51
input input
B
Figure 2.1 Two ways of causing the power exchange (A) at the couper
(B) at the splice
To predict the resonator output, a mathematical model is needed that can
be applied to all cases, preferably with small modifications. Such a model
hinges on the corresponding birefringent coupler model. Typically, for a
polarization-insensitive coupler, the coupler is assumed to comprise
identical fibres with non-aligned axes, which give rise to polarization
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crosstalk.52 Polarization-selective couplers have been modeled in terms of
their polarization eigen states,8-53 but that approach is most appropriate
for low-birefringence fibre. A disadvantage of the eigenstate approach is
that the coupler eigenstates of polarization are not directly measurable for
a coupler made with high-birefringence fibre, because the input and
output pigtails will modify these eigenstates dramatically, and in a
temperature dependent way. Also the coupler model based on eigen state
approach is extremely complicated, for example the coupler model for
identical, untwisted and non-aligned fibres(isotropic coupling) is shown in
figure 2.2.42
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Figure 2.2 Coupler model for identical, untwisted and non-aligned fibres
(Chen and Burns, ref. 42)
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We show here a simplified model that contains all the important coupler
parameters and is verifiable experimentally in a direct manner. In those
cases where it is has been possible to test, our model has given good
agreement with experimental results.
2.2 NOMENCLATURE
Referring to figure 2.3, ports 1 and 4 are always taken as the input and
output resonator ports respectively. The birefringent fibre principal axes
are labeled x and y. Thus for example, the output amplitude along the x-
axisisE4xand the circulating amplitude along the y-axis is E3
output
LI
L=L1+L2
Figure 2.3 Resonator ports identification
The following symbols, are used : k: coupling ratio, y: coupler loss, x: splice
loss, t: polarization crosstalk at the coupler, pxy=27cnxy/A, the propagation
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constant along the x,y axis respectively, Lx: fibre length between coupler
and splice, L2: fibre length between splice and coupler (in the direction of
propagation), L: the loop length L1 + L2, and we define :
nx+ny px + py 2kM
n=
^ ' P
=
2 '
An = nx_ny' AP= AL=Ll_L2
(2.1)
Fibre loss is not a critical parameter, but can be lumped with the splice
loss x, if needed. A spliceless loop is modeled as loop with splice for which
AL=L. For the case of polarization-sensitive couplers, there are two coupling
ratios, kx and k and two loss coefficients, yx and Ty The polarization
crosstalk coefficient is defined as the percentage of intensity found in the
orthogonal axis with respect to the launching axis, after the light has gone
through the coupler. The cross talk coefficient is equivalent to a notional
half-wave plate, at a small angle 8 with respect to x or y, introduced before
or after the coupling region.
2.3 COUPLER MODEL
The coupler model is shown schematically in figure 2.4. The model
postulates four different crosstalk coefficients, each associated with one
port, but only two of these are significant, as explained below. Crosstalk is
assumed to take place either before or after coupling, but not in both
places. We allow different coupling coefficients as well as different loss for
the x and y axes. Thus a polarization-selective coupler has k^, * ky, while a
polarization-insensitive coupler has kx = k .
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IN 1
crosstalk
IN 2 c2
absorber
-&-
1
delay elements
OUT 3
crosstalk
OUT 4
Figure 2.4 Schematic of the Coupler model
Using the port identification of figure 2.2, we can relate the coupler input
fields Eia(i=l,2; a=x,y) to the output fields Ejb (j=3,4, b=x,y) via the product
of two crosstalk matrices T, a coupling matrix K, and a loss matrix T, as
below
3x
Ax
3y
:4y
T0UtrKTin
E
1x
E
2x
E
iy
E
2y_ (2.2)
where
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V1-^ -A
T. =
in
0 V1-^ 0 -A
-A -VT31T
0 -A 0 -V1-^] (2.3)
V1"Yx 0 0 0
0 V1"?x 0 0
0 0 71 "Yy 0
0 0 0 71- Yy (2-4)
K =
k/k
0
0
7^
0
0
0
0
0
0
L/k
(2.5)
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out
v^
0
0
0
^
0
0
o -jr-
(2-6)
It should be clearly understood that in practice, we use only one of the Tin
or Tout matrices, by setting tj=t2=0, or t3=t4=0. But we included both
matrices because we wanted to determine if the model gives different
results depending on whether crosstalk is assumed to take place before or
after coupling.
The main advantage of this model is that it contains only the parameters
by which birefringent couplers are normally specified, such as coupling
ratio, loss and crosstalk. The model ignores the evolution of the EM field
inside the coupler, and therefore lacks some phase information, but it still
gives very good agreement with
experiment,54 as well as being generally
applicable to all cases. The alternative full model is extremely complex if
anisotropic coupling (kx^ k ) is necessary. As mentioned, for example,
Chen and Burns42 did not attempt to solve the anisotropic case, while the
analysis of Andres and Foulds53 does not contain the coupler crosstalk,
which is the key to explaining the environmental instability of birefringent
resonators.
To measure the coupling coefficients kx and k , one simply needs to
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identify the input and output birefringent axes, and use a properly
oriented polarizer and analyzer at the input and output. The input
polarization may not be exactly aligned with one of the fibre axes, but the
resulting error in determining kx or ky is small. The loss coefficients yx and
yy can in principle be determined through the conceptually simple cutback
technique, whereby the total output is measured and then the input pigtail
is cut at some position before the coupler, so as to find the amount of input
light. It is also possible to use the loss factors y as free parameters, varied
to match the experimentally observed finesse.
The crosstalk coefficients are measured by inputting polarized light aligned
ith, say, the x-axis and measuring the intensity ratios [E3x/E3 ]2 orw
[E4x/E4 ]2. This procedure is repeated by using the second input port. In
practice, the approximation t1=t2=t (with t3=t4=0) may be found
satisfactory. In that case, the crosstalk can be determined from a single
measurement of IE4 /E4xl2, and by solving a simple quadratic equation. For
small values of crosstalk, less than 1% , we have t=IE4 /E4xl2.
2.4 RESONATOR MODEL
To complete the resonator model, we need only to relate the output field 3
to the input field 2. The fields arriving at the splice are given by eJPxLl and
ejPyLi j?
_ -phe fibre axes at the two ends of the splice are rotated by an
angle <|>, relative to each other. After the splice, the resulting fields travel
through the second part of the loop (L2) and arrive at coupler port 2 as,
"E2x"
F-
= Vl-T
JPxL2
e
*
0
JPL
L ^yJ L 0 e y 2J
COS({)
sincp
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s i n d>
coscj)
e
JPxL1
0
0
JPyL1
3x
LE3,
(2.7)
Finally, we assume an arbitrary input state of polarization
E, = aeiy
je
Jlx (2.8)
Using equations (2.2,2.7,2.8) with the substitutions indicated in (2.1), we
can determine the output by summing an infinity of terms, one for each
pass of the light through the loop; the eigenstates of polarization for the
loop can also be determined. The fastest method is to simply solve eq.
(2.2,2.7,2.8) simultaneously to yield the intensity ratios along the two axes,
given by
^4x,y
lx
+
iy
All of the different resonator configurations mentioned in the introduction
can be treated as special cases of the above model. Separation of the
output power along the two fibre axes is found beneficial in all cases,
giving higher finesse and fringe modulation, as well as reducing the
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temperature-induced fringe variation. The total power output can be easily
found by adding the power in the two axes.
2.5 SUMMARY
A theoretical model is developed that can be used to determine the output
of fibre ring resonators made with birefringent fibre, and with different
types of polarization-selective or polarization-insensitive couplers.
Previous developed models that based on eigen state approach doesn't
take care of anisotropic coupling, splice misalignment, input and output
fibre pigtails temperature dependence. Also, these models have no
experimental backing, and is more complicated. The present model is
simple, experimentally verifiable, and takes care of all possible
misalignments.
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3 CHARACTERISTICS OF FIBRE RING
RESONATORS
In this section the resonator model developed in the last section is applied
to different kinds of ring resonators made with polarization-insensitive,
and polarization-sensitive coupler. With the Polarization-insensitive
coupler, both the cases, with and without power exchange between the
birefringent axes, are considered.
3.1 RESONATOR WITH POLARIZATION-INSENSITIVE COUPLER
3.1.1 Without power exchange between the birefringent axes
(4> = 0)
The characteristics of this type of resonator have been described in some
detail in ref. (5,6) and are briefly reviewed here as an introduction. There
are two different configurations: referring to figure 2.1, the resonator may
be formed by connecting ends 2 and 3, or ends 2 and 4. We will refer the
first type as "closed loop" type, and the second type as "single
strand"
type. The difference between the two is in the coupling ratio required for
resonance. In the closed loop form, the coupling ratio is approximately
equal to the round trip loss, so it is typically small, whereas in the single
strand form, the coupling ratio is approximately equal to one minus the
round trip loss, so it is typically large. The single strand type can be
spliceless, so it has the potential of very low loss. However, a finesse of 100
or so can be achieved with either type, because the coupler loss is often
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found in practice to be smaller for a low-coupling ratio coupler, thus
balancing any additional splice loss.
The two types give exactly the same output if the coupling ratio is adjusted
to the appropriate value in each case, so it suffices to examine only one. In
this case, we make the following simplifications: t2=t2=t, t3=t4=0, k^k , and
Yx=Yy (The model gives exactly the same output if we set ^=^=0 and
t3=t4=t). A spliceless loop can be modeled by setting the splice
misalignment angle <J)=0, with the understanding that the coupling ratio is
set for the closed loop type, as explained above. However, the splice
misalignment is a convenient way of estimating the effects of crosstalk in
the loop even for single-strand types.
The optimum operating condition is when LAn=mX, (single strand) or
LAn =mX+X/2 (closed loop). In this case, the fringes are essentially identical
to the fringes produced by a resonator with no crosstalk, so we call this the
optimum case. However, environmental conditions such as a change in
ambient temperature can easily cause the product LAn to change, so that
LAn=m?u+>./2 (single strand) or LAn=mA. (closed loop). In this case, if there
is adequate finesse, a double dip appears, so this represents the worst case
figure 1.2. For smaller values of crosstalk and finesse the double dip is not
resolved but the finesse is reduced.
In the presence of splice misalignment (4>=0), the response of resonator
depends not only on the parameter LAn, but also on ALAn. However, if the
misalignment angle is less than a few degrees, the latter dependence is not
strong.
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3.1.2. With power exchange between the birefringent axes
(<J> =9 0)
We will refer to this type of resonator as "twisted" for convenience. As was
shown in figure 2.1, the twist may be accomplished either at the splice or
at the coupler. In the second case only the single strand type is possible. In
the first case, both configurations are possible. But there is no advantage to
forming a single-strand type with splice, so it suffices to analyze the
closed-loop type only in this case. Thus within this section, a single-strand
resonator will mean one where twist is at the coupler.
Some of the characteristics of the twisted resonator have been given in ref.
6,7, and 54, ref.54 also shows the experimental verification of the model
proposed here. The output of this type of resonator shows simultaneous
resonant dips along the x-axis and resonant peaks along the y-axis, figure
3.1.
I
loc3 chess delcv
loop
phese'
delay
n <
loco phese delcy
FI I. I
loop
phase'
delay
Figure 3.1 Output intensity for the resonator with
90 twist at the splice for two
conditions ALAn=mA, and ALAn=(m+l/2)L The phase delay between successive
peaks or dips is k
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The resonance dip does not approach zero expect only in the limiting case
of zero loss. Even in this case, there is no energy storage in the ring, as
with the previous type, but instead, the output intensity along the y-axis
approaches the input minus-loss. To prove this, we can simplify the output
equations by taking t = a = x = 0, <j) = 90, and set kx = ky = k, yx = yy = y. We
then require that both the real and imaginary parts of the numerator of
E4x /Ej x vanish. The ratio is given by
E4x rH ,J
1-(1-Y)e-J2PL
= [(i-Y)0-k)]
Eix 1- a - Y)0 -
k)e~J2pL
(3.1}
setting the imaginary part equal to zero gives the condition sin (2pL)=0, or
2pL=m:r, from which, cos (2pL)=l. The negative sign corresponds to an
output intensity maximum, and the positive sign to a minimum.
Substituting cos(2pL)=l into the real part gives
E4x
Etx
yfo - y)(l - k)
(3.2)
which becomes zero as y-0. Under the above conditions the output along y
axis is given by
abal
E4y k(1 - y)e
Eix 1- (1 (3.3)
Using sin(2pL)=0, cos(2pL)=l, and taking the square modulus for the
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intensity, we have:
"4y
"1x
k(1-y)
.1-(1-Y)0-k) (3.4)
which tends to one as y-0. This analysis shows that excellent modulation
depth can be achieved with this resonator if the loss can be kept low,
which is, in any case, also the requirement for high finesse. An example of
the output of this type is shown in figure 3.2.
1.00
o.ao
0.20 -
o.oo
V V V V \r
loop phase delay
o.so
0.60
0.20
loop
phase'
delay
Figure 3.2 High finesse output from a "twisted
resonator"for y=0.01,x=0.01,
k=0.04, t=0.001, ALAn=mL
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In the presence of crosstalk there is complete lack of modal splitting (no
double dip), but an asymmetry of the resonator dips and peaks is observed
as function of temperature. Also, the separation between successive dips is
not constant, but shows a small variation with temperature and cross talk.
The optimum condition for operation of this type is when ALAn = mX
(closed loop), or when LAn = mX (single strand). In that case (assuming -
a =0) we observe symmetric and equispaced dips of constant depth, with
the distance between successive dips equal % radians. When ALAn (closed
loop) or LAn (single strand) is mk+XI2, then the fringes become slightly
asymmetric and unequally spaced; successive dips are no longer separated
by 7C, but by 7ue.55-56.
30.00
25.00
~o> 20.00
E
^15.00
g- 10.00
In
5.00
0.00 ^li i i i i i i i i | i i i i i i i i i i i i i i i i i i i i 1 1 i i i i i m i i i i i i i i i i i
0.00 0.01 0.02 0.03 0.04 0.05
cross talk (t)
Figure 3.3 The maximum slope asymmetry (for ALAn=mk+X/2) as a function of
crosstalk for the twisted resonator, with the fringe finesse F and modulation M
as parameters. The ordinate shows the difference in maximum slope between the
two sides of fringe. Triangles: F=20, M=0.22, x: F=75, M=0.22, +:F=75, M=0.55
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The fringe asymmetry is shown in figure 3.3, plotted as maximum slope
difference between the two sides of the fringe. The precise way in which
the slope difference is calculated is described in the next section. The shift
of the resonant dip e with cross talk t is shown in figure 3.4.
0.25
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o
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o
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0.00 111 ' ' ' '' I M I I I I I I | M | | | | 1 1 | | | | i| i | | | i j L
0.00 0.01 0.02 0.03 0.04
cross-talk (t)
0.05
Figure 3.4 The maximum resonant dip shift from the original position () as a
function of crosstalk, e does not depend on the finesse. The condition
ALAn = mX+X/2 is assumed.
3.2 RESONATORS WITH POLARIZATION-SELECTIVE COUPLERS
As mentioned previously, for the case of polarization selective couplers
there are two coupling ratios, kx and k^, and two loss coefficients, yx and y
When the polarization-selectivity is combined with a 90 polarization twist,
the device ceases to be a resonator, as the output comprises only broad,
approximately sinusoidal fringes. An example is shown in figure 3.5. In
what follows, we concentrate on the case (f>=0.
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1.00
0.80
0.60 -
0.40
0.20
0.00
loop phase delay
Figure 3.5 Example of the output of a "resonator" with polarization-selective
coupler and polarization twist. Top: output along the x(input) axis, bottom: output
in the orthogonal axis. The values used were yx = y = 0.04, t=0, t=0, <J>=90o,
kx=0.1, k=0.9. The phase delay between successive peaks or dips is k.
Polarization-selective couplers can be constructed with the fibre axes
crossed, or with the fibre axes parallel. In view of the remarks of the
preceding paragraph, when the fibre axes are crossed at the coupler, then
only a closed-loop resonator is possible, since a single strand will
automatically produce a
90 twist. These couplers work well for resonators
because the coupling ratio for the orthogonally polarized mode is such that
it cannot resonate. Typically, such couplers are constructed to provide
maximum separation between the two polarizations, just like a bulk
polarizing beamsplitter. However, for resonator application, this is not
necessarily the optimum construction. For example, in the closed-loop
configuration, the coupling ratio k is typically a few percent rather than
zero.
A typical output from this type of resonator is shown in figure 3.6. In the
closed-loop configuration, if the coupling ratio for the orthogonal mode
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ky kx, then crosstalk and environmental changes produce only a change
in fringe modulation (and attendant change in slope), a small fringe
asymmetry (too small to be seen in the figure), but no modal splitting, or
unequal fringe spacing. Maximum modulation is obtained for LAn=mX
(single strand) or LAn=m?t-i-X/2 (closed loop). As before, the worst case
(minimum modulation ) is obtained when LAn changes by X/2 from the
optimum.
loop phase delay loop phase delay
(b)
J L
loop phase delay
1
loop phase delay
Figure 3.6 Example of the output of a resonator with a polarization-selective
coupler, with yx = yy
= 0.02, x=0.02, t=0.01, <|>=0o, kx=0.04, ky=0.95, oc=0. (a)
LAn=mA,+A,/2, (b) LAn=mX. (closed-loop type). The phase delay between successive
peaks or dips is 2k. Top curves: output along the x (input), bottom: output along
the orthogonal axis.
In figure 3.7, we show the effect of increasing the coupling ratio for the
orthogonal mode K , assuming a closed-loop configuration. Rather than
examining the change in finesse, we give the change in the fringe slope
measured at two fixed points which coincide with the points of maximum
slope for the optimum condition. The justification for this choice is given in
the next section. It is seen that for maximum stability the coupling ratio Ky
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must close to unity, unless the coupler cross talk can be kept very low.
100.00
80.00
<D 60.00
a.
O
0.3 0.4 0.5 0.6 0.7 0.8 0.9
coupling coefficient (Ky)
Figure 3.7 Influence of the coupling coefficient k on the maximum fringe slope
variation with LAn. triangles: t=0.005, stars: t=0.01 , squares: t=0.03. Other
parameters as in figure 3.6. Notice that for the two lower values of t, the
optimum value ky is around 0.95 rather than 1.
Polarization-selective couplers often tend to have different loss for the two
modes, so it is interesting to see the effect of the parameter y . This is
shown in figure 3.8.
10.00
0.8 1.0
loss coefficient gamma(y)
Figure 3.8 Influence of the coupler loss y on the maximum fringe slope
variation. +: t=0.02, x: t=0.01. Other parameters as in figure 3.6.
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Clearly, the condition yy=l corresponds to an ideal polarizer which would
extinguish the orthogonal mode, giving optimum fringe stability. More
importantly however, figure 3.7 shows that the loss yy is not important if
ky is already much greater kx, because it then has only a weak effect on
the output, unless the crosstalk t is relatively large, above 0.01. In
presenting figure 3.8 we assumed k=0.95. If kv is closer to kY, theny y x
increasing the loss y has more clearly beneficial effect on the output, as
might be expected.
When kx = 'k, the symmetry between the matrix products TinKand KTout
breaks down. This has no effect on the computation of the important part
of the output, namely E4x. Thus in plotting figure 3.6 we assumed t3 = t4 =
0, tl = t2 = t. If we take tj = t2 = 0 and t3 = t4 = t then the x-output is not
affected, but the y-output shows a small change. This is a minor weakness
of the coupler model we have employed, which as mentioned earlier,
ignores the evolution of phase along the coupling region. None of the
conclusions drawn here depend in any way on the precise form of y-
output.
3.3 CHARACTERIZATION OF FRINGES
The fringes of the fibre optic resonator can be characterized by the finesse
and free spectral range.
3.3.1 The straight resonator
The free spectral range (FSR) in angular frequency is given by
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nxL
where, c is the velocity of light. The finesse is defined as,
the finesse is given by eq(3.6).
(3.5)
F= FSR
Aco (3.6)
where Aco is the full spectral width at half the amplitude.
3.3.2 Twisted resonator
The free spectral range for this case is defined as,
FSR = -^
(nx+ny)L
The fringes of resonator with polarization-selective coupler are
characterized in the same way as straight resonator fringes.
3.4 SUMMARY
The characteristics of the different types of ring resonators are examined,
by treating the different resonator configurations as special cases of the
general model.
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4 COMPARISON BETWEEN RESONATOR TYPES
In the presence of even small amounts of polarization crosstalk at the
coupler, the fringe shape of all types of resonators shows considerable
variation with environmental conditions which affect the fibre
birefringence. This limits the usefulness of these devices, and makes it
important to determine tolerances on the coupler and splice parameters,
and also on the input and output polarization-mode purity, necessary for a
practical application. In this section tolerances for the coupler polarization
crosstalk, splice alignment, and input polarization mode purity necessary
for optimum operation of each type are derived.
4.1 COMPARISON SCHEME
In order to compare between the different resonators, we need to develop
a criterion based on parameters that are common to all. For example, we
could examine the change in finesse, but for a sensor, the fringe slope
rather than finesse is more critical. Our criterion then is based on a very
common signal recovery scheme, as follows. In a closed-loop system, we
assume that we impose a small phase modulation 8<t> about a fringe, such
that the resonator output oscillates between the two points of maximum
slope (sensitivity), on either side of the fringe (figure 4.1). The frequency
of this oscillation is assumed to be higher than the highest signal
frequency. The modulation amplitude 8 is a constant that is not changed
"during sensor operation; therefore, if the resonator finesse changes due to
environmental perturbations, the fringe slope at points A and B, and thus
the system sensitivity, will change. We can then express tolerances on t,
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Figure 4.1 Signal recovery scheme. The output is modulated between the points of
maximum slope A and B. Any fringe shift result in unequal intensities at the end of
excursion (b). The difference Ia-Ib is used to keep the system in lock and recover the
signal. Any change in the fringe shape will result in a different slope at points A and
B (c)
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a, etc. as a maximum permissible slope change. In order to make a fair
comparison between the different resonator types, we start with the same
initial slope value (within less than 1%) for all types of resonators.
For this comparison, we first determine the maximum fringe slope
corresponding to the optimum case operation of the various resonator
types. We then find the phase shift 5 corresponding to points A and B of
figure 4.1, and then determine the worst-case fringe slope, assuming a
perturbation in environmental conditions such as would cause a change in
LAn or ALAn by X/2. Finally, we plot the absolute value of the slope change
(original minus worst-case) as a function of the various parameters such as
t, cc , <j). We used the same values for loss in all three cases: yx = y = 0.02, x
= 0.02, and we adjusted the coupling ratio to give the same maximum
fringe slope for all types, within less than 1%. The finesse varied between
50 and 65. The coupling ratio values were kx=ky=0.08 (non-twisted),
kx=k=0.01(twisted), kx=0.08, ky=0.95 (polarization-selective). These are
not necessarily the optimum coupling ratio for each type.
4.2 COMPARISON PARAMETERS
4.2.1 crosstalk
we can determine the fringe slope change as a function of coupler crosstalk
t, assuming perfect input (oc=0) and perfect splice
<t>=0 or 90- This effect
is shown in figure 4.2. It is seen that at low values of crosstalk, the
polarization-selective resonator is clearly the optimum type, but the
twisted resonator is more tolerant of higher crosstalk values. When the
fringes are asymmetric we have two possible slope values; we always take
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that gives the maximum variation (worst case).
40.00
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cross-talk (t)
Figure 4.2 Influence of crosstalk on fringe slope for the three resonator types.
Squares: polarization selective, triangles: twisted, circles: non-twisted
4.2.2 Splice misalignment
Figure 4.3, gives the effect of splice angle misalignment for the three types
of resonators. Again we observe a similar behavior for the three types. If
we plot the sin2 of the angle rather than the angle itself (figure 4.4) along
the abscissa, then these curves become similar (though not identical) to
those of figure 4.2, indicating that the cross-coupled power at the splice
has a similar effect to the cross-coupled power at the coupler.
V
Cl
o
5.00 -
0.00 i j i u i i
2.00 4.00 6.00 a.oo 10.00
splice angle in deg.
Figure 4.3 Effect of splice angle misalignment(from the optimum (J)=0oor $=90)
Squares: pol.selective, triangles: twisted, circles: non-twisted
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Figure 4.4 Slope change as a function of Sin2 of splice angle. Squares: pol. selective,
triangles: twisted, circles: non-twisted
4.2.3 Input polarization mode purity
In figure 4.5, we show the effect of the input polarization mode purity (a)
on the output. In this case, if we assume crosstalk t = 0 and no splice
misalignment, then only the twisted resonator shows a variation with a.
However, if we introduce any realistic crosstalk values we immediately see
an effect on the other two types.
0.02 0.04 0.06
alpha
o.oa
Figure 4.5 Effect of the input polarization mode purity (a) on the resonator output.
Only the pol. selective and twisted resonators are plotted x: twisted, t=0, triangles:
twisted, t=0.01, squares: pol.selective, t=0.01. For t=0, the pol. selective type shows no
variation with "a
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The twisted resonator is the most sensitive to this type of error, and a
properly aligned, high-quality polarizer must be used at its input for
optimum results. We should note that the above comparison is valid only
at the high-finesse regime, which is normally the most useful. At low
finesse (e.g. around 5) and with values of cross talk up to about 0.01, the
fringe shape variation of the non-twisted resonator disappears, so it
becomes the optimum choice. This can be important in systems employing
cascaded resonators, which do not necessarily require high
finesse.57-58
4.2.4 Fringe modulation
Apart from the fringe slope, the modulation [(Imax - Imin) / (Imax + Imin)]
also changes with environmental conditions. This change is plotted figure
4.6 as a function of crosstalk t.
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l l l I M II i-r1' i i ) i i i i IT1 i l l l i l l i |i i i l ll ll iT' i i i i l l i i |
0.00 0.01 0.02 0.03 0.04
cross talk (t)
0.05
Figure 4.6 Effect of coupler crosstalk on the fringe modulation change. Squares:
pol.selective, triangles: twisted, circles: non-twisted
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In this case the twisted resonator is the least sensitive of the three. The
modulation rather than slope, is the important parameter if the resonator
is used as a spectrum analyzer. Even if we assume some realistic, non-ideal
values for a and $ (e.g. a2=5xl0"4, <))=89.50), the modulation variation for
the twisted resonator is still around 2%, while the other two types give
much larger variation.
4.2.5 Finesse
In figure 4.7 we show the effect of coupler crosstalk on the resonator
finesse, for the three different resonator types. As mentioned earlier, the
initial finesse values are chosen between 50 and 60 for all types. On the
assumption that environmental temperature or pressure alter the values
of the quantities LAn or ALAn, the maximum variation in finesse that can
be induced by the change in environmental condition is plotted as a
function of crosstalk t.
20.00
0 00 [|]i 1 1 i i i i i i i i i i 1 1 i i i i i i i i i i i i i i i i i i i i i 1 1 i i i 1 1 i i i i i i i 1 1 i i i i i i i i
0.000 0.005 0.010 0.015 0.020 0.025 0.030
cross talk (t)
Figure 4.7 Finesse variation as function of coupler crosstalk for three resonator
types. Square: pol.selective, triangles:twisted, circles: non-twisted. A perfectly
aligned splice and perfectly linear polarization are assumed
-50-
In the case of the twisted resonator, the separation between successive
dips is not always constant, so we must clarify our definition of finesse for
that case. There are two extreme cases for this resonator: equally spaced
dips, separated by a phase shift of tc, or unequally spaced, separated by a
phase shift of 7ce. In calculating the finesse variation, we have taken e
into account by defining the finesse always as the separation between
successive fringes divided by the halfwidth of a fringe. Thus the finesse
variation shown in figure 4.7 for the twisted resonator represents the
worst case. Although the finesse variation is plotted for a single value of
the initial finesse, it is characteristic of a broad range of high finesse values
for all three resonator.
4.3 SUMMARY
The different types of birefringent fibre ring resonators are compared for
their stability of their output fringe shape using a common signal recovery
scheme. Based on the coupler model tolerances on the coupler, splice, and
input optics imperfections are derived. The resonators made with
polarization-selective couplers are the most tolerant to small values of the
imperfections. The model can be used to predict the behavior of resonator
given the coupler specifications, as well as derive the desired coupler
characteristics for a specific application.
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5 OUTPUT STABILIZATION: PROBLEMS AND
SOLUTIONS
This section addresses the output stabilization of ring resonator. Only a
stable resonator has got useful applications. The variation in the fringe
shape due to do thermal variation has to be counteracted. Both the
possibility of passive and active stabilization schemes are considered.
5.1 PASSIVE STABILIZATION
As seen in section 3, for a resonator with a 90 axis twist at the splice, the
shape of the fringes is affected by the parameter ALAn, whereas for a
resonator with no twist (or with 90 twist at the coupler) the fringe shape
depends on LAn. In the former case, it appears possible to stabilize the
output by simply making AL=0, i.e. placing the splice in the middle of the
loop. However, this assumes that the refractive indices are constant along
the entire fibre length, a condition which is very difficult to achieve in
practice.
The refractive indices of stressed birefringent fibre can be expected to be
strongly dependent on temperature, so we must begin by assuming that
the entire loop is kept at a uniform temperature. Even in this case, we
expect that the birefringence and the beat length are not constant along
the entire fibre, but present small local variations due to imperfections in
the manufacturing process. Thus the geometrical middle of the loop will
not normally coincide with the optical middle. A more accurate analysis
shows that passive stabilization is strictly impossible, but some
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improvement may be obtained. Specifically:
For a resonator with 90 twist at the splice, Ll and L2 the fibre lengths
from coupler to splice, and from splice to coupler respectively. Terms L,
AL, J3, A(3 carries the same meaning as before. Light entering the loop
polarized along the the x-axis will undergo a phase shift of
expfJCP^-fp^)} (5.1)
Similarly, for light polarized along the y-axis, we have,
expCJCpyL^La)} (5.2)
Upon substituting for px and P in terms of Ap and p,
Px + Py AS AP
P = 2"^-, AP=Px-Py =*Px=P + ^> Py=P--T
L=L1 +L2, AL^+L^L,^, L2 = I^k ^
eq(5.1) & eq (5.2) becomes,
exp{j(PL + -^)} (5-4)
;XP{(PL-^)} (5.5)
we find that both phase delays depend on PL and APAL. The first factor
gives merely the usual fringe periodicity of the resonator, while the second
factor is the one that causes the output variation. Suppose now that nx and
n are not constant along the entire loop. In this case, the path nxLi
should strictly be f n (z)dz, and the path n Li should be J n (z)dz. Let us
o i
then call nxl and n T the average refractive indices for the x and y axes
over the length Lj, and nx,ny2 the average refractive indices over L2.
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Let us further introduce the average refractive indices nx and n2 (or
corresponding propagation constants px and P2) as:
ni+n1 n -, + n
_
xl yl
_
x2 y2
ni"
2 '
n2~
2 (5.6)
and the corresponding average birefringences
An=n -n ,, An =n -n , ,_,1 xl yl 2 x2 y2 (5.7)
The loop delay is now exp {j(Px1 L-|+py2 L2)}, and exp(j(Pyi L: + Px2L2)}- Upon
substituting in terms of n1? n2, Anl5 An2, these become
exp{j(P1L1 + P2L2)}exp{J-(AP1L1-AP2L2)} (g g)
and
^P{j(PlLl + p2L2)}eXp{-2-(APlLl-AP2L2)} (5.9)
respectively. We must further define the average propagation constant
Pi + P?
Po = -V^' APo=Pi-P2 (5.10)
Substituting in terms of p0 , Ap0, L and AL in eqns.(5.8&5.9) gives the loop
delays as,
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'^jp0L}exp{rApo^}exp{i^(APi+AP2)}exp{iKAPi-AP2)^
(5.11)
and
exp{JP0L}exp{J-AP0AL}exp{-lAL(AP1 +Ap2)}exp{-^-L(AP1-AP2)}
(5.12)
Again the term in p0L is the one describing the basic periodicity of the
fringes, while all the other terms represent temperature-dependent
perturbations of the fringe shape. The difference of the exponent signs
between (5.11) and (5.12) means that the extra terms cannot be made to
cancel in both cases. The condition AL=0 derived from the simplified
analysis, makes only two of the three perturbation terms disappear, but
the terms in L (APj-AP2) remain.
If AL can be made approximately zero, and the loop is subjected to uniform
temperature change, then it can be expected that the difference APj-Ap2
will remain approximately constant. If however, the loop is subjected to
localized perturbations (affecting only APj or AP2) then the fringe shape
will change considerably. We have obtained some experimental
confirmation of the above remarks by subjecting a closed-loop, twisted
resonator with AL=0 to temperature changes in two ways: in the first
case, we subjected a portion of the first half of the loop to a temperature
increase, and observed the periodic change in fringe shape, while counting
the number of fringes required for one complete period of fringe shape
variation. We then subjected two equally long portions of fibre from both
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halves of the loop to heating, and again counted the fringes to complete
one period of fringe shape variation, thus confirming that the optimum
spice location for achieving ALAn=0 is a function of loop temperature as
well as of temperature gradients along the loop.
So, for short length resonators passive stabilization is impossible. It may be
possible for long length resonators, where the average refractive index
along the length may be taken as constant, but in this case making AL=0, is
very difficult. Other solutions to passive stabilization will require advances
in component manufacturing, such as couplers made from single
polarization fibre, or reliable, low-loss and low-crosstalk polarization-
selective couplers.
5.2 ACTIVE STABILIZATION
We consider here a resonator with 90 splice. The idea is to introduce
piezoelectrically controlled changes in birefringence in order to balance the
thermally induced changes. This can be accomplished with a variety of
different transducers. For a closed-loop stabilization system, the error
signal can arise in two different ways: the servo loop may attempt to keep
the resonant dips at equal depth, or to keep them at a constant distance.
The transducer must be capable of producing the required fringe shift.
For a twisted resonator, if the coupler is the only source of polarization
crosstalk in the loop, then successive resonant dips are always of equal
depth, but successive peaks may be of equal or unequal height, depending
on the value of the parameter ALAn (AL/2 is the distance of the splice from
the middle of the loop) figure 3.1. One may then use the difference in
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successive peak height as an error signal in order to keep ALAn at a
constant level e.g. equal mX. If there are more than one sources of
crosstalk, (e.g. coupler and splice) then successive resonant dips are no
longer of equal depth, and they too can be used to provide the error signal.
5.2.1 Experimental verification
We used a resonator with L^Sm and L2=2m. The experimental setup is
shown in the figure 5.1. The coupler is of the polished type, made with
Fujikura PANDA fibre (0.63pm). The light source is a stabilized, single-
longitudinal mode He-Ne laser (0.63 pm).
polarizer wollaston prism detector
mirror / \
x and y output
movable
\ / input output
^ d
1 , , 4
supply
signal
genanuor
Figure 5.1 Experimental set-up
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Before setting up the experiment, one need to carefully prepare the ends
of the fibres. The requirements posed on the quality of the fibre end for
splicing are far more stringent than those for a mere termination. The ends
of the fibres were prepared and tested according to the procedure outlined
in ref.(59). The ends provided by the coupler manufacturer, while
remaining within the published specifications, do not always meet the
stringent demands of the resonator, and should be replaced. One of the
problem in the resonator system is the feed back induced destabilization of
the He-Ne source.60 The source of feed back is from the Fresnel reflection
from the input fibre end and capillary. One way to avoid this is through
use of a Faraday isolator. But this is an expensive solution. In our set up,
we polished the fibre/capillary end at an angle (-9 ) so that the reflected
light does not enter the source. But the penalty here is the slight reduction
in the coupling efficiency.
In setting up the resonator it is necessary to identify the fibre birefringent
axes. This is accomplished by using a broadband (multimode) diode laser.60
The translatable mirror (figure 5.1) is used to couple either laser diode
light or He-Ne light into the resonator. The rotatable X/2 plate is used to
maximize the input light. With the laser diode light, and by using an
analyzer at the output, the birefringent axes are identified as the
orientations of maximum and minimum intensity. The birefringent axes
identification is straight forward for the coupler ends #3 and #4. For the
end 2, one may attempt to use one of the ends 3 or 4 as input, however
that has proved very inconvenient, because it disturbs the precise
alignment achieved and requires additional effort to couple light into
another end. It is simpler to use the light reflected towards end 2 due to
Fresnel reflection at the terminations while using end 1 as the input. It is
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critical to maximize the diode light coupled into end 1. The resulting light
towards end 2 can be captured or can be observed visually, the latter
method was used.
Once the birefringent axes is identified we return to He-Ne source to
measure the crosstalk and the coupling ratio. It is important that the
crosstalk values are checked at the correct wavelength. The measured
crosstalk value is -8.3 xlO"4. The coupling ratio is calculated by measuring
the intensities at the ports 3 & 4, and by using,
1-k
(5.13)
The coupling ratio (k) is found to be 0.07 (7%), but the actual coupling ratio
can be within a range of 3% for this value.
Before, the splicing the long end of the fibre (8m) was carefully wrapped
around a piezo electric transducer that used a high extension stack figure
5.2. This design produces much more extension than a single element
piezoelectric cylinder.
fiber
piezoelectric stack
Figure 5,2 A simple transducer for controlling the parameter ALAn
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The hyper-hemi-cylindrical shape of the two halves reduces the
microbending. The fibre was wrapped on the transducer with a 15 g mass
as a weight attached to the capillary. Dupont neoprene adhesive is used to
secure the fibre on the transducer.
The fibre ends 2 or 3 is rotated by 90 to make a twisted resonator. The
splice is made simply by butting the fibre ends together with commercial
fibre stages and mounts. The resolution and stability of the translation
stages provided the limit to the minimum attainable splice loss and hence
the finesse. A wollaston prism is used at the output fibre end to separate
the power in the two fibre axes. The output fibre end is placed in a
reservoir of index matching fluid to eliminate back reflected light. The
same fluid is used at the splice, to reduce splice loss.
In performing these experiments, it is critical to ensure that the
temperature of the input pigtail has no effect on the measurements. It has
been shown that any amount of crosstalk present at the input pigtail (e.g.
at the termination or at the coupling optics) can produce a variation of the
fringe shape that is essentially indistinguishable from that produced by
the coupler or loop crosstalk. Thus the first step is to subject the input
fibre to heating without affecting the loop, and ensure that there is no
periodic variation of the fringe shape as a function of temperature.
To verify the concept of active stabilization, a portion of L2 is subjected to
heating by placing a short section of the loop inside a temperature
controlled enclosure. The temperature is varied between 20 and 80 C
The periodic output variation, is observed as function of temperature, the
latter being estimated through the number of fringes by which the output
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drifted. We then applied a voltage to the piezo element in order to bring
the output to -^ny desired condition. Figure 5.3 gives the resonator fringes
along with the sinusoid which scans the piezo. Figure 5.4 show the output
of the resonator for two different temperatures, corresponding
approximately to the two extremes of fringe shape variation. The slight
change in the minimum value of the dips is due to very small residual
values of crosstalk induced at the splice or in the resonant loop. The splice
alignment was better than 0.3 some small residual crosstalk is possible at
the terminations, as well as the transducer. One period of output variation
occurred over approximately 60 fringes. A voltage of about 100V was
sufficient to produce the same effect.
Figure 5.3 Resonant fringes seen along and perpendicular to the direction
of the input polarization. Sinusoid scanning the piezo is also shown.
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Figure 5.4 Experimentally observed resonator output corresponding to the
condition ALAn= mX and ALAn= mX +X/2. Both resonant dips and peaks
are shown.
5.3 SUMMARY
Because of fibre imperfections, which mean that the refractive indices nx
and n are not constant along the entire loop, passive stabilization is not
possible. It appears possible to stabilize the output through a simple
piezoelectric controller. To demonstrate this point, we used a transducer
that is capable of transmitting a relatively large elongation to the fibre,
and succeeded in showing that a thermally induced change in the output is
equivalent to a stress-induced change, so stress can be used to counteract
temperature.
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6 ACTIVE STABILIZATION
As discussed in the previous section, the ring resonator system can be
stabilized only through active means. This is done here using a servo
system. The error signal is generated from the successive dips. In order to
demonstrate the effect clearly, the splice was intentionally misaligned by
about 15, causing the fringes to vary a considerable amount. This section
gives details of the stabilization scheme, and the electronic design and
circuitry.
6.1 APPROACH
The basic concept of the servo is shown in figure 6.1. The photodetector
signal is AC-coupled and inverted; this is the "input". The fringe separator
selects alternate fringes, thus separating the
"high" from the "low". Two
peak detectors feeding into a difference amplifier then determine the
difference in peak height, which is the error signal. This is low-pass
filtered and is used to drive the piezo through an integrator.
JLlLi
input
fringe
separator
low
pass
i_l pd1
JUL pd2
direction
detector
-0-
diff.
amp.
integr.
piezo
drive
Figure 6.1 The Basic concept of the Servo
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The "direction detector" is a differential circuit that determines whether
the signal is decreasing or increasing. In the former case, the direction of
the drive is correct; in the latter case, a fixed offset is added to the
integrator input that reverses the direction of the drive.
Figure 6.2 shows the experimental setup. The small piezo attached to the
arm L2 scans the resonator(scanning piezo), the piezo attached to the arm
Li drives the resonator(it can be a stretcher or a squeezer). The resonator
is scanned with a 100Hz sinusoidal signal.
HENE
half wave
plate
/"U
scanning piezo
polarizer
collimating lens
polarizer
detector
?
servo
electronics
feed back
splice with 90 deg.
axis rotation
j 1 stretching / squezzing piezo
signal
generator
(HK)hz)
\
-sg)|
fibre
fibre
Figure 6.2 Experimental set-up for active stabilization
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6.2 CIRCUITRY
6.2.1 Design
Figure 6-3 gives the detailed block diagram of the servo system. The error
signal, ie. the amplitude difference between the adjacent fringes is derived
through the following steps.
i. The conditioned resonant fringes are converted to pulses.
ii. The adjacent pulses (say odd and even pulses) are separated: ie. into
two streams of pulses one with a period corresponding to odd pulses and
one with a period corresponding to even pulses.
iii. The separated odd and even pulses control two analog switches, whose
input is the resonant fringes.
iv. The output of the analog switches gives the separated odd and even
fringes.
v. The peak amplitude of the fringes are detected using two peak detectors
with sample and hold.
vi. A differential amplifier gives the error signal.
vii. The error signal is conditioned and fed back to drive the piezo.
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Figure 6.3 Detailed block diagram of the servo electronics
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6.2.2 Fringe conditioning
The signal amplitude of the resonator fringes is in the order of mV
(~250mV). First, the resonator fringes are AC coupled, inverted and
amplified with an inverting amplifier of gain 10. These amplified fringes
are converted into pulses with a comparator. The DC reference level of the
comparator is adjustable through a potentiometer. The output of the
comparator latches to +15V (positive supply voltage for the operational
amplifier), if the input voltage level is greater than the reference voltage,
and latches to -15V (negative supply voltage for the operational amplifier)
if the input voltage level is less than the reference voltage6 : figure 6-4.
Figure 6.4 The resonator fringes turned into pulses. This is accomplished
using a comparator, whose DC reference level is adjustable through a
potentiometer
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The pulse separation circuit is a combination of JK Flip Flop (SN74LS76A)
used in the toggle mode62, followed by two AND gates(this is a combination
of NAND (SN74LS00) and NOT (SN74LS04) gates). As, the voltage
requirement for the Flip Flop (FF) and the gates are 5 V, the pulses from
the comparator, whose voltage levels are at 0-15V, are to be converted
into a range suitable for the Flip Flop operation. This is done using a npn
transistor. The transistor acts like a switch, whose DC reference voltage is
kept at 5V. Referring to the pulse separation circuit, figure 6.5, the output
from the transistor which are 0-5 V pulses, is connected to the clock input
of the FF, the same input is connected to one input of the AND gates, the
other input to the AND gates comes from the Q and Q output of the FF.
According to AND gate logic, it will have an output '1' only when both its
inputs are at high level '1'. At any time, when Q=l, Q will be 0, or if Q=0 Q
will be 1. Arrival of a pulse at the clock input of JK FF changes the state of
Q and Q. Suppose if a pulse arrives, one input of both the AND gates(the
inputs which are connected to the clock input of the FF) is at '1' level, and
as Q and Q are at the opposite states ( 1 and 0) one of the AND gate(say A)
output will be at high state
'1' (because both the inputs of AND gate are at
'1') and the other AND gate(say B) output will be at a low state
'0' (one
input is at high level
'1'
and the other input is at low level '0') ie: the input
pulse goes through the channel A. The next pulse change the status of Q
and Q . Now, the output of AND gate
'A' is '0' and the output of the AND
gate
'B' is '1' ie. this pulse takes the channel B. Essentially the odd and
even pulses gets separated. These pulses control two analog switches(HIl-
0201-5).
Two important points are to be considered before we attempt to separate
the fringes i. with temperature fluctuations, the resonator fringes not only
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changes its shape but also drifts, and ii. fringe formation ie. referring to
figure 6.6, when a fringe is formed it doesn't happen smoothly, its signal
level is not steady, but fluctuates. This in turn makes the comparator
output to fluctuate randomly between low and high levels ie. the
comparator output is not a steady pulse. This confuses the FF and the Q
and Q outputs changes randomly in its states. The FF needs a steady
stream of pulses to operate efficiently. Pulse separation is impractical
unless these problems are eliminated.
The fringe drift problem is reduced by connecting a high value
capacitor(lpF) to the ground from the comparator output. The capacitor
acts like a low pass filter and smooth the sharp edges of pulses. The
transition from '0' to '1' level doesn't happen instantly. The second
problem is taken care by a blanking circuit figure 6-4. Once the fringes are
formed they are steady, the circuit faces problem only during the fringe
formation. The steady fringes are in the linear region of the scanning
sinusoid. The linear part is selected by blanking the non linear parts. The
blanking pulse is generated by differentiating 100Hz sinusoidal frequency
and converting this signal into pulses with a comparator. The pulse width
is controllable with the DC reference level of the comparator. The desired
region of the resonator fringes can be selected using this pulse as a control
pulse to an analog switch. The input to the switch is the resonator fringes.
By this we can select the linear region as well as blank the region where
the fringes are formed figure 6-7. Use of linear ramp for scanning the
piezo may not be of much help here, as it will kick the piezo to oscillations.
Linear ramp contains high frequency components. Other sources of
electrical noise like ground loops are taken care in the circuit by grounding
all the equipments in the system to a common ground point, and making
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(a)
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Figure 6.6 Resonator fringes taken at different times (a,b,c). Note, the
fringe corresponding to the flat region of the scanning sinusoid, its shape
changes in an unpredictable way, which in turn causes the output of the
Flip Flop to oscillate rapidly.
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Figure 6.7 Resonator fringes along with the blanking pulse (top
Photograph) and the blanked pulse (bottom photograph). Note: this
photographs indicate only the methodology, the photographs of the fringes
were taken at different times.
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JJil
Figure 6.8 Control pulses for the switches (top photograph) and the
separated odd and even fringes (bottom photograph). Both channels are
shown.
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all the connections as short as possible. Figure 6-8 shows the input, control
and the separated fringes.
6.2.3 Derivation of Error Signal
To derive the error signal, the separated fringes are fed to two positive
peak detectors with sample and hold (Analog Devices PKD-01) figure 6-9,
the peak detector tracks the analog input signal until a maximum
amplitude is reached. The maximum value is then retained as a peak
voltage on a hold capacitor. The output buffer amplifier features an FET
input stage to reduce droop rate during lengthy peak hold periods.
Through DET control pin, new peaks may either be detected or ignored.
The figure 6-10 shows the output of the peak detector, this shows the
detected maximum peak as well as some transition levels, these transition
level data has to be removed, and does not carry any useful information.
This is done at a later stage.
The difference in the peak detected outputs are derived using a
differential amplifier. A circuit that amplifies the difference between two
signals is called a differential amplifier. As this circuit needs two pairs of
equal resistances high precision wire wound resistors with tolerance better
than 1% are used. If we notice, in the window of the blanked fringes the
first fringe may be either an odd fringe or an even fringe. Even a slight
drift may cause the first fringe in the window to change from odd to even
or viceversa. This is turn will switch the fringes between the peak
detectors, and hence the output of the difference amplifier switch between
positive and negative difference values. This problem is rectified by
introducing an absolute value circuit at the output of the differential
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Figure 6.9 Circuit for deriving the error signal
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_JM
Figure 6.10 Output of the peak detector shown along with the separated
fringes. Both the channels are shown.
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amplifier. The output of the absolute value circuit gives a constant positive
amplitude. The choice of resistor values in the circuit is very important,
any resistor mismatch from the design will make the gain magnitudes
different for the two polarities of input signal.
The difference amplitudes from the peak detectors still contains the
transition levels, removal of this transition levels is done separately using
a control pulse and an analog switch. The idea is similar to the blanking
circuit we discussed before. Figure 6-11 shows the peak detector output
after the removal of the transition levels. The output is a pulse train of
100Hz frequency, whose signal level is proportional to the amplitude
difference between the odd and even fringes. As the fringes are going to
change at a much slower rate, we don't really need to drive the servo
system at a 100Hz frequency. In otherwords we are here dealing with a dc
servo not an ac servo. We need to beat down the 100Hz frequency to much
slower frequency, may be around 5-10 Hz.
The conversion from higher to lower frequency is done using a peak
detector low pass filter combination figure 6-9. The reset for the peak
detector becomes extremely important here, the reset pulse width should
be of very small duration, may be fraction of a microsec. A sharp pulse
contains higher frequencies with lower amplitudes. A low pass filter will
completely remove this and make the output essentially a dc signal. The
reset pulse for the peak detector is generated by differentiating the pulse
that is used for resetting the analog switch used for removing the
transition states figure 6-12, the differentiated pulses are sharp peaks at
+ 15V and -15V. But the peak detector need a positive pulse for resetting,
the negative peaks are removed using a transistor with a DC reference at
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J
Figure 6.11 Conditioned error signal(botom trace). The transition levels of
the signal (top trace) are removed using a blanking pulse.
Figure 6.12 Conditioned signal, input to the peak detector (top trace) and
the reset pulse (bottom trace) for the peak detector.
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+15V. The output from the peak detector is low pass filtered with a RC
filter having a very low cutoff frequency (~10Hz). This made thelOOHz
frequency into a low frequency. Figure 6-13 shows the input to the peak
detector, control pulse and the output.
In order to drive the piezo this error signal has to be amplified. But, the
system cannot respond to a instantaneous large voltage, this will make the
system unstable. The signal need to be integrated and fed so that the servo
is driven gradually and there is an ample time for the system to follow the
signal. The error signal is integrated using a standard integrator wired
with op. amp. 741, ref. figure 6-14. The signal from the integrator is
amplified using an amplifier and given as a feed back to the 'stretching
piezo'. This drove the fringes smoothly without any ringing.
Operation of the integrator at low frequencies, such as dc (co=0) will create
problem.63 In this case, when the capacitor is fully charged it behaves like
an open circuit, thus the op. amp. is operating essentially in the open-loop
mode and will saturate. This problem can be solved by limiting the gain of
the integrator. This can be done by shunting the feedback capacitor with a
resistance as in figure 6-14. The parallel combination of shunting resistor
and the capacitor behaves like a practical capacitor which dissipates
power, unlike an ideal capacitor. That is, there are losses associated with
the combination. As the integrator output is usually negative, the output of
the integrator is inverted using an inverting amplifier with unit gain. The
present system will not take care of the direction of the drive, the second
requirement, nevertheless this system demonstrates the given approach.
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Figure 6.13 Input (top trace) and output(bottom trace) of the peak detector
(top photograph) and the low pass filtered output(bottom photograph, top
trace)
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Figure 6.14 Circuit for drive direction detection
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Even though the present device proved the principle it lacked the
necessary dynamic range to achieve one full period of output variation,
due to the not so effective stress transfer mechanism. The required
dynamic range can be achieved by squeezing the fibre than by stretching.
The fibre has to be squeezed along one of the two birefringent axes. This
increases the refractive index along one axis and decreases the refractive
index along the orthogonal axis, causing a small change in the average
refractive index, and reducing the fringe drift. The jacket of the fibre has
to be removed for effective stress transfer, as in figure 6.1. Also, the
design must be modified in order to drive the system in both directions.
For example, if piezo drive causes an increase in error signal the system
should reverse the direction of the drive.
Figure 6.14 gives the drive direction detection circuitry. The differentiator
determines whether the signal is decreasing or increasing. In the former
case, the direction of the drive is correct; in the latter case, a fixed offset is
added to the integrator input that reverses the direction of the drive. The
differentiator gives the negative derivative of the signal. The comparator
converts this information into positive and negative pulses. The
comparator output (15V) is converted to 0 and -50 mV through a
transistor switch. So, an increase in the error signal corresponds to a
negative voltage level (-50mV) and a decrease in error signal corresponds
to zero voltage level. This information is added to the actual error signal
through a summing amplifier and integrated. The integrated signal is
amplified and fed back to drive the squeezer. With this implementation we
could stabilize the system at equal depths for a considerable amount of
time even with ambient temperature variation, figure 6.15(b). The figure
6.15 (a) gives the theoretical output calculated by our resonator model.
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Figure 6.15(a) Theoretical output calculated using the resonator model for
the conditions ALAn=mX (top) and ALAn =mX+X/2 (bottom), for the
resonator characteristics. Note, here the important thing is the intensity
difference of the successive dips, which the resonator model has predicted
exactly. The finesse depends on the splice loss, which varies with time.
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Figure 6.15(b) Fringes in the open loop(top photograph) and the fringes in
the closed loop(bottom photograph)
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The dynamic range of the servo depends on the applied force on the length
of fibre being squeezed. We achieved a dynamic range of about one and a
half periods of fringe shape variation, equivalent to a change in ALAn of
1.5X64. The length of fibre in the transducer is around 3mm, and the
maximum voltage of the piezoelectric drive is 140V. Larger dynamic range
can be achieved by increasing the length of fibre and/or the force. In order
to discern any residual amounts of fringe drift caused by the piezo, we
varied the voltage between 0 and 140 volts while observing the fringes;
the fringe motion could not be easily distinguished from the random
thermal drift, which was considerable because of the long resonator length.
It was estimated that a small residual of around one and a half fringes was
present. At least some of this drift is due to the residual fibre
misalignment in the piezo, as seen by the variation in crosstalk upon
applying full voltage. For spectral analysis, or an AC-coupled sensor (e.g.
acoustic), this drift is immaterial. For a gyro, this type of drift is, to a first
approximation, no different from a change in the temperature of the loop
but without any attendant fringe shape variation, so it should be tolerable.
However, the gyro application deserves a more detailed analysis.
Figure 6.16 shows the principle of a signal extraction technique for sensors
that can be combined with the fringe stabilization servo. As mentioned in
chapter 4, the usual way is to modulate the signal (at high frequency)
about a resonant dip, as in figure 6.16a; the difference in intensity at the
ends of the excursion, Ia- Ib, is used as the error signal to track the fringe
motion caused by the measurand. In the new system, the amplitude of the
oscillation is increased, so the output oscillates between the points A and B
of figure 6.16b. In this case, peak detectors can still be used to determine
the difference in height between successive fringes, while the difference in
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intensity Ia- Ib can be used for signal recovery in the usual fashion.
A(j>
(a) (b)
Figure 6.16 A modulation scheme for simaltaneous signal recovery and fringe
shape stabilization.
6.3 SUMMARY
An active stabilization system is described here. A piezoelectric transducer
is used to alter the birefringence over a short length of the fibre. This
piezoelectrically-induced change in birefringence is used to counter the
random, thermally induced changes occurring over the entire loop or
portions thereof. This system causes very small fringe drift, so it is
compatible with common signal recovery schemes for interferometric
sensors.
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7 CONCLUSIONS
In this thesis a theoretical model has been developed that can be used to
determine the output of fibre ring resonators made with birefringent fibre,
and with different types of polarization-selective or polarization
insensitive couplers. The model can be used to predict the effect of coupler,
splice, and input optics imperfections. It is shown that resonators made
with polarization-selective couplers are the most tolerant to small values
of imperfections. The model can also be used to predict the behavior of
resonator given the coupler specifications, as well as derive the desired
coupler characteristics for a specific application.
All types of birefringent (but not polarizing) fibre ring resonators present
environmentally induced variations in the fringe shape that cannot be
eliminated passively. A fringe shape stabilization system has been
constructed, for use with fibre ring resonators with power exchange
between the birefringent axes. The system works by keeping the depth of
successive resonant dips equal, through a feedback loop that controls the
fibre birefringence An. Two schemes for controlling An are investigated: in
the first less efficient scheme, the entire loop is subjected to stretching,
causing a fringe drift of more than 100 fringes. In the second scheme, the
fibre is subjected to a localized compression, which changes An while
having only a small effect on the average refractive index, thus causing a
smaller fringe drift. When the resonator is used as a high-resolution
spectrum analyzer, either stabilization scheme can be used; but the second
scheme allows the resonator to be also used as a sensor, as it interferes
little with the signal recovery system. With this stabilization system the
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resonator can operate in a variable environment with minimal
deterioration in performance. The technique can also be used in principle
to stabilize the fringe shape of ordinary resonators (without
90 axis twist),
if a suitable method for deriving an error signal from the fringe shape can
be devised.
There is also another way of deriving an error signal for fringe
stabilization of 90 resonator, by using the variation in successive fringe
spacing with changes in the loop birefringence. This scheme may be more
attractive for high finesse resonators, where the location of peak or dip can
be estimated accurately. But for medium to low finesse resonators, like the
one used here, use of peak intensity value is the better way. Finally, it is to
be noted that this stabilization scheme can compensate partially but not
fully for changes in the state of input polarization; this latter change is not
equivalent to a change in the loop birefringence.
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APPENDTX-1
COMPUTER PROGRAM TO CALUCTJLATE THE OUTPUT INTENSITY OF
THE FIBRE RTNG RESONATOR ALONG THE X AND Y AXES
PROGRAM TO CALCULATE THE OUTPUT OF GENERAL MODEL
* THE FILE "A.DAT" IN THE "GRAPHER" GIVES THE "X OUTPUT"
* THE FILE "B.DAT" IN THE "GRAPHER" GIVES THE "Y OUTPUT"
* THE FOLLOWING SECTION GIVES THE TYPE DEFINITION
3 0 INTEGERM
40 REAL Lll, L12, L13, L14, L15, L16, L17, L18, L19, L20
5 0 REAL L21, L22, L23 ,L24, L25, L26, L27
5 0 REAL DOP1, D0P2, WL2
60 REAL Vll, V12, V13, V14, V15, V16, V17, V18, V21, V22, V24, V25
7 0 REAL V26, V27, V28, V31, V32, V33, V34, V35, V36, V37, V38
8 0 REAL V41, V42, V43, V44, V45, V46, V47, V48
90 DOUBLE PRECISION Y10, Yll, Y12, Y13, Y14, Y15, Y16, Y17, Y21, Y22, Ll, L2, P
100 DOUBLE PRECISION WL, PI, DR, BX, BY, J10, Jll, J12, J13, Dll, D12, D13, D21, D22
1 1 0 DOUBLE PRECISION ALPHA, THETA, WL1, KX, KY, GX, GY, Tl, T2, T3, T4, T, NX, NY
120 COMPLEX All, A12, A13, A14, A21, A22, A23, A24, A31, A32, A33, A34
1 3 0 COMPLEX A41, A42, A43, A44, I
140 COMPLEX Zl, Z2, Z3, Z4, Z5, Z6, Z7, Z8, Z9, Z10, Zll, Z12, Z13, Z14, Z15, Z16, Z17, Z18
15 0 COMPLEX Z19, Z20, Z21, Z22, Z23, Z24, Z25, Z26, Z27, Z28, Z29, Z30, Z31, Z32
160 COMPLEX Z141, Z142, Z151, Z161, Z171
17 0 1= (0.0, 1.0)
* THE FOLLOWING PART OF THE PROGRAM GIVES THE INPUT DATA
KX, KY DENOTES THE COUPLING COEFFICIENTS
* GX, GY DENOTES THE LOSS COEFFICIENTS
180 KX = 0.08D0
19 0 KY= 0.95D0
200 GX = 0.01D0
210 GY = 0.01D0
* Tl, T2 / T3, T4 DENOTES THE CROSS TALK AT THE INPUT / OUTPUT PORTS
* T DENOTES THE SPLICE LOSS
22 0 Tl = 0.01D0
23 0 T2 = 0.01D0
240 T3 = 0.00D0
250 T4 = 0.00D0
25 5 T = 0.02D0
NX AND NY DENOTES THE REFRACTIVE INDICES ALONG X AND Y AXES
* Ll AND L2 DENOTES THE LENGTH BETWEEN COUPLER-SPLICE, SPLICE-COUPLER
26 0 NX = 1.500016D0
27 0 NY = 1.50052D0
280 Ll = 1.3D0
29 0 L2 = 1.3D0
* P DENOTES THE ANGLE AT THE SPLICE IN DEGREEES
ALPHA AND THETA DENOTES THE INPUT STATE OF POLARIZATION
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3 00 P = 1D0
3 1 0 THETA = O.ODO
320 ALPHA = O.ODO
* THE FOLLOWING SECTION EVALUATES THE MATRTX. PRODUCT
330 Lll = SQRT(Tl)
33 5 L12 = SQRT(l-Tl)
3 40 L13 = SQRT(T2)
34 5 L14 = SQRT(1-T2)
350 L15 = SQRT(T3)
3 5 5 L16 = SQRT(1-T3)
360 L17 = SQRTCT4)
36 5 L18 = SQRT(1-T4)
37 0 L19 = SQRT(KX)
37 5 L20 = SQRT(l-KX)
3 80 L21 = SQRT(KY)
3 85 L22 = SQRT(l-KY)
3 9 0 L23 = SQRT(GX)
39 5 L24 = SQRT(l-GX)
40 0 L25 = SQRT(GY)
40 5 L26 = SQRT(l-GY)
410 Vll = L19*L12*L24*L16
415 V12 = L11*L21*L26*L15
420 All = I*(VI1-V12)
42 5 V13 = L20*L14*L24*L16
43 0 V14 = L13*L22*L26*L15
43 5 A12 = (V13-V14)
43 6 V15 =L11*L19*L24*L16
437 V16 =L21*L12*L26*L15
43 8 A13 =-I*(V15+V16)
440 V17 = L13*L20*L24*L16
44 5 V18 = L22*L14*L26*L15
45 0 A14 = -(V17+V18)
45 5 V21 =L18*L20*L12*L24
46 0 V22 =L17*L11*L22*L26
46 5 A21 =(V21-V22)
47 0 V23 =L19*L14*L24*L18
47 5 V24 =L13*L21*L26*L17
48 0 A22=I*(V23-V24)
48 5 V25 = L11*L20*L24*L18
49 0 V26 = L12*L22*L26*L17
49 5 A23 =-(V25+V26)
500 V27 =L19*L13*L24*L18
505 V28 =L21*L14*L26*L17
510 A24 =-I*(V27+V28)
515 V31 =L19*L12*L24*L15
520 V32 =L11*L21*L26*L16
525 A31 =I*(V31+V32)
53 0 V33 =L20*L14*L24*L15
535 V34 = L13*L22*L26*L16
540 A32 =(V33+V34)
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545 V35 = L11*L19*L24*L15
550 V36 =L21*L12*L26*L16
55 5 A33 =I*(V36-V35)
560 V37 =L13*L20*L24*L15
56 5 V38 =L22*L14*L26*L16
57 0 A34=(V38-V37)
57 5 V41 =L20*L12*L24*L17
580 V42 =L11*L22*L26*L18
58 5 A41 =(V41+V42)
59 0 V43 =L19*L14*L24*L17
59 5 V44 =L13*L21*L26*L18
600 A42 =I*(V43+V44)
60 5 V45 =L11*L20*L24*L17
610 V46 =L12*L22*L26*L18
615 A43 =(V46-V45)
620 V47 =L19*L13*L24*L17
62 5 V48 =L21*L14*L26*L18
63 0 A44 =I*(V48-V47)
THE FOLLOWING PART COMPUTES THE OUTPUT
63 5 PI =4.0*DATAN(1.0)
* DR CONVERTS DEGREES INTO RADIANS
64 0 DR =PI/180
64 5 Zl =ALPHA*(COS(THETA*DR)+I*SIN(THETA*DR))
65 0 OPEN(UNIT=15,FILE= '\GRAPHER\A.DAT', STATUS='NEW)
65 5 OPEN(UNIT=16,FILE= '\GRAPHER\B.DAT', STATUS='NEW)
66 0 DO 1700 M=l,3000
* THE SAMPLE INTERVAL CAN BE VARIED BY CHANGING WL1
665 WL1 = (M-1)*1.0D-16
67 0 WL = 0.63D-06+WL1
BXAND BY DENOTES THE PROPAGATION CONSTANT ALONG X AND Y AXES
67 5 BX =(2D0*PI*NX)/WL
68 0 BY =(2D0*PI*NY)/WL
68 5 L27 =SQRT(1-T)
69 0 J10 =(BX*L1+ BY*L2)
695 Jll =(BY*L1+BY*L2)
700 J 12 =(BX*L1 +BX*L2)
705 J13 =(BX*L2+BY*L1)
710 Y10 =COS(J10)
715 Yll =COS(Jll)
72 0 Y12 =COS(J12)
72 5 Y13 =COS(J13)
730 Y14=SIN(J10)
735 Y15 =SIN(J11)
740 Y16 =SIN(J13)
745 Y17 =SIN(J12)
7 5 0 Y21 =COS(P*DR)
7 5 5 Y22 =SIN(P*DR)
7 60 Y31 =L27*Y22
765 Y32 =L27*Y21
77 0 Z2=Y31*(Y10+I*Y14)
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77 5 Z3 =Y32*(Y11+I*Y15)
780 Z4 =Y32*(Y12+I*Y17)
7 85 Z5 =-Y31*(Y13+I*Y16)
79 0 Z6 =1-(Z2*A14)-(Z3*A34)
79 5 Z7 =(Z2*A11)+(Z3*A31)
800 Z8 =(Z2*A13)+(Z3*A33)
8 05 Z9 =(Z2*A12)+(Z3*A32)
810 Z10 =1-(Z4*A12)-(Z5*A32)
815 Zll =(Z4*A11)+(Z5*A31)
82 0 Z12 =(Z4*A13)+(Z5*A33)
82 5 Z13 =(Z4*A14)+(Z5*A34)
830 Z141 = (Z7*Z10)+(Z9*Z11)
83 5 Z142 =(Z6*Z10)-(Z9*Z13)
840 Z14 =Z141/Z142
845 Z151=(Z10*Z8)+(Z9*Z12)
850 Z15 =Z151/Z142
85 5 Z161 =Z11+(Z13*Z14)
860 Z16 =Z161/Z10
865 Z171 =Z12+(Z13*Z15)
87 0 Z17 =Z171/Z10
87 5 Z18 =A21+ (A22*Z16)
880 Z19 =(A24*Z14)+(A23*Z1)
88 5 Z20 =A22*Z17*Z1
89 0 Z21 =A24*Z15*Z1
89 5 Z22 =Z18+Z19
900 Z23 =Z20+Z21
9 0 5 Z24 =Z22+Z23
Z24 GIVES THE OUTPUT AMPLITUDE ALONG THE X AXIS IN PORT 4
910 Dll =CABS(Z24)
915 D12 =D11**2
92 0 D13 =1+(ALPHA**2)
925 DOP1 =D12/D13
* DOP1 GIVES THE OUTPUT INTENSITY ALONG THE X AXIS IN PORT 4
93 0 Z26 =A41+(A42*Z16)
93 5 Z27 =(A44*Z14)+(A43*Z1)
9 40 Z28 =A42*Z17*Z1
945 Z29 =A44*Z15*Z1
9 5 0 Z30 =Z26+Z27
955 Z31 =Z28+Z29
960 Z32 =Z30+Z31
* Z32 GIVES THE OUTPUT AMPLITUDE ALONG THE Y AXIS IN PORT 4
96 5 D21 =CABS(Z32)
960 D22 =D21**2
96 5 DOP2 =D22/D13
* DOP2 GIVES THE OUTPUT INTYENSITY ALONG THE Y AXIS IN PORT 4
97 0 WRITE(15,*)M,DOPl
97 5 WRITE(16,*)M,DOP2
9 8 0 CONTINUE
2000 END
*
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SLOPE CALCULATION
INSERT THIS CODE IN THE TYPE DEFINTION PART IN THE ABOVE PROGRAM
DIMENSION Ql(3000), Q2(3000), DOP1(3000), DOP2(3000)
10 REAL Q1MAX, Q2MAX, Ql, Q2.PD, MODULATION, M1VAL, M2VAL
1 5 REAL POINT1, POINT2, DOP1MAX, DOP1MIN
* INSERT THIS CODE AFTER LINE 980 IN THE ABOVE PROGRAM
99 0 OPEN(UNIT=17,FILE='\PS\DATA.DAT',STATUS=,NEW)
1000 DO 1015 M=l, 2000
1005 Q1(M) =DOP1(M)-DOP1(M+1)
1010 Q2(M) =DOPl(M+l)-DOPl(M)
1015 CONTINUE
1020 Q1MAX =Q1(1)
1025 DO 1050 M=l, 2000
1030 IF (Ql(M).GT.QlMAX) THEN
103 5 Q1MAX=Q1(M)
1040 M1VAL=M
1045 ENDIF
105 0 CONTINUE
1055 Q2MAX =Q2(1)
1060 DO 1085 M=l, 2000
1065 IF(Q2(M).GT.Q2MAX) THEN
107 0 Q2MAX=Q2(M)
107 5 M2VAL=M
1080 ENDIF
108 5 CONTINUE
1090 WRITE(*, 1) Q1MAX
1 FORMAT(lX,'THE MAX. SLOPE1 IS =', E10.5)
109 5 WRITE(*,2) M1VAL
2 FORMAT (lX.'THE SLOPE1 OCCURS AT M=',F5.1)
1100 WRITE(*,3) Q2MAX
3 FORMAT(lX,'THE MAX. SLOPE2 IS =', E10.5)
1105 WRITE(*,4) M2VAL
4 FORMAT (1X.THE SLOPE2 OCCURS AT M=',F5.1)
1110 DOP1MAX =DOPl(l)
1115 DOP1MIN =DOPl(l)
1120 DO 1165 M=l,2000
1125 IF(DOPl(M).GT.DOPlMAX) THEN
1130 DOP1MAX =DOPl(M)
1135 POINT1 =M
1140 ENDIF
1145 IF(D0P1(M)LT.D0P1MIN) THEN
1150 DOPIMIN =DOPl(M)
115 5 POINT2 =M
1160 ENDIF
1165 CONTINUE
1170 WRITE(*,5)DOPlMAX,POINTl
5 FORMAT(lX,'THE MAX OUTPUT VALUE IS', E10.5,'OCCURS AT',F8.0)
1175 WRITE(*,6)DOPlMIN,POINT2
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6 FORMAT(lX,'THE MIN OUTPUT VALUE IS', E10.5,'OCCURS AT',F8.0)
1180 MODULATION =(DOPlMAX-DOPlMIN)/(DOPlMAX+DOPlMIN)
1185 WRITE(*,7)MODULATION
7 FORMAT(lX,'THE MODULATION IS F5.2)
1190 DO 1195 M=l,3500
W(M)=Q1(M)-Q1(M+1)
1195 CONTINUE
WMAX=W(20)
DO 1200 M=1500,2990
IF(W(M).GT.WMAX)THEN
WMAX=W(M)
M3VAL=M
ENDIF
PD=POINT2-POINTl
1200 CONTINUE
M4=M3VAL+50
M5=M3VAL-50
DO 1250 M=M5,M4
R=ABS(DOPl(M)-DOPl(M+PD))
IF(R.LE.O.O05) THEN
K=M
ENDIF
125 0 CONTINUE
WRITE(17,*)ALPHA,K,Q1(K),ABS(Q1(K+PD))
2000 END
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